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"% Working memory capacity

.1-
Summary

Five experiments are described that study the relationship between measures of working memory

and reading comprehension. Two experiments investigated whether the complex span measure must be
:I'{ similar to the reading comprehension task to be predictive of comprehension. The correlations found
N\
between reading comprehension and two reading-related complex spans was similar to those found
. between two arithmetic-related complex spans and comprehension. The relationship remained significant
when quantitative skills were factored out. The simple digit and word spans (measured without a
background task) did NOT correlate with reading cormnprehension. The complex span/comprehension
. correlations were a function of the difficuity of the background task. When the difficuity level of the reading-
related or arithmetic-related background tasks was moderate, the span/comprehension correlations were
higher in magnitude than when the background tasks were simple or very difficult.
L The third experiment showed that if serial recall was required in the span tasks, simple word span
did significantly predict reading comprehension but not as well as the sentence span. The fourth
:Z‘_: experiment showed that the ordering of list lengths in the span tasks had little influence on the correlation
4 between span scores and comprehension. The fifth experiment is the first in a series investigating variables
e whether variables that influence simple word span also influence the sentence word span. This study
g demonstrated that the word length has the same effect on the sentence span task as on the simple word
| span.
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- V/orking memory capacity
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Working memory capacity: An individual differences approach

::'. A hallmark of models of information processing since the early work of Shannon & Weaver (1949)

oo

) has been the focus on capacity limitation. Most models attribute this limitation to some combination of
;:'. short-term memory and attention (Broadbent, 1958). Presumably, the limited capacity of short-term

- memory affects our performance in cognitive tasks like reading or listening comprehension and general
i problem solving (Kintsch & van Dijk, 1978; Newell & Simon, 1972).

\ The digit span has been assumed to reflect output from short-term memory and is a ubiquitous
B ‘component of intelligence tests (Wechsier, 1344). However, it does not correlate well with performance on
! such higher level tasks as reading comprehension (Perfetti & Lesgold, 1977) or even the amount of

X information estimated to be represented in primary or secondary memory (Martin, 1978).

-t Early theories, e.g., Waugh & Norman (1965), viewed short-term memory as a fixed number of
,-r slots or bins. Baddeley & Hitch (1974) argued that this focused too much on the storage functions of

A short-term memory and not enough on the processing functions. They preferred the name working

: memory and argued for the importance of both storage and processing in a functional analysis of the

. working memory system. Baddeley & Hitch proposed three structural components through which
information is processed: (1) a central executive, (2) an articulatory loop, and (3) a visuo-spatial scratch

pad. The articulatory loop and the visuo-spatial scratch pad are maintenance systems controlled by the

| N

central executive, which is a flexible work space with limited capacity. Part of this limited capacity is used

for processing incoming information with the remainder used for storage of the products resuiting from that

processing.
t Although other models of WM have been developed (e.g., Klapp, Marshburn & Lester, 1983,
- Brainerd & Kingma, 1984, 1985; Case, 1974; Kintsch & van Dijk, 1978), they all assume a limitation in the

amount of information that can be kept active at any given time. Further, it has been generally assumed
that this limitation affects consequent processing, i.e., that higher level processing is limited to some extent

by the limitations of WM.

- Daneman & Carpenter (1980, 1983) demonstrated the importance of the WM limitation in reading

= comprehension. They hypothesizec *hat WM is used to represent the strategies and skills used In reading

-~
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with any remaining WM capacity used to store the products of reading comprehension, e.g., facts, pronoun

]

P4

referents, and propositions. The two functions, the processing of the written information and the storage of
intermediate products, were thought to compete for the limited resources available to WM.
They suggested that individual differences In reading comprehension could be due to variability
between readers in the efficiency of their processing skills. Presumably good and poor readers have
equivalent overall working memory capacities. Good readers are assumed to have efficient reading skills
-_',: which demand relatively little from the gross WM resources leaving more of the WM capacity for the
’ storage of products of the reading task. Consequently, good readers have more WM capacity available for
__. . the storage of products simply because they have more efficient reading skills. Since poor readers are
assumed to have inefficient and thus capacity demanding reading skills, they have less residual WM

- capaclty for storing the products of reading.
- Accordingly, individual measures reflecting WM capacity shouid be tied to a specific processing
) task, in this case reading. To restate this idea, good readers would have more available WM capacity than
poor readers while reading because of their more efficient reading skills. But this greater WM capacity
would be speciffic to reading tasks. That Is, a good reader could have LESS WM available when performing

a non-reading task than a poor reader who Is skilled at the non-reading task.

- Daneman & Carpenter (1980) developed a measure of WM that measured capacity while the
subject was performing a nominal reading task. This task, which they called the reading span task, was
presumed to require both processing and storage in WM. Subjects read groups of sentences aloud while
simuitaneously trying to remember the last word of each sentence. The number of sentences in a a group
gradually increased. After each group, the subject recalled the “endwords” in any order. WM capacity was
defined as the largest group of endwords the subjects recalled correctly. The task is, in effect, a word span
task since the only measurement made s the number of words recalled correctly. It was hypothesized that

g the effect of the secondary task (reading the sentences aloud) would differ for good and poor readers. The -

number of words recalled, against the background of processing sentences, was considered a measure of

.

-~
the residual storage capacity of WM. Daneman & Carpenter (1980) found high correlations between Dhe

reading span and three measures of reading comprehension; (1) answering fact questions (r=.72), (2) ’
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pronoun reference questions (r=.90), and (3) the Verbal Scholastic Aptitude Test (Exp. 1, r=.59, Exp. 2,
r=.49). In addition, as they had hypothesized, a simple word span test given to the same subjects did not
significantly corr late with any of the three comprehension measures. Daneman & Carpenter (1983)
replicated the significant correlations between reading span and Verbal SAT (.46 and .58) in two later
studies. A similar correlation (r=.53) between WM span and the Neison-Denny, a standardized test of
reading comprehension, was found by Masson & Miller (1983). Recently, Daneman & Green (1986) found
that reading span correlated with learning the meaning of novel vocabulary words in a context with
sufficient cues for inferring meaning (r(28) =.69). Furthermore, the correlation was still highly significant
when vocabulary knowledge effects were statistically removed (r=.53).

From these findings, Daneman and colleagues argued that the reading span is an index of the WM
capacity that is NOT allocated to processing (l.e., reading and comprehending) the individual sentences.
Because good reading comprehenders have better or more efficient reading strategies than poor reading
comprehenders, more capacity would remain for storage of to-be-remembered information. Thus, they
argue that any measure reflecting the capacity of a WM that is important in reading comprehension must
require the use of reading strategies. The WM span measure is dependent on the type of background task
used while measuring the span, and that background task must include reading if the span measure is to
predict individual variation in reading comprehension.

Another possible explanation of the Daneman & Carpenter findings, however, may be that people
are good readers because they have a large WM capacity independent of the task being performed. Good
readers may be remembering more words against the background of processing sentences in the reading
span task because they have larger WM capacities than poor readers, NOT because good readers have
more efficient reading skills than poor readers. A greater WM capacity would be independent of the type of
background task used while measuring span. That is, a good reader may have more WM capacity
available for processing and storage than a poor reader whether performing a reading or a non-reading
task. According to this alternative theory, a measure of WM shouid successfully transcend task

dependence in Its prediction of higher level cognitive functioning. That is, the memory span task could be
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embedded in a concurrent processing task that is unrelated to any particular skits measure and still predict

success in the higher level task.

A pilot study performed in our lab supports the notion that WM storage capacity Is independent of

the nature of the task being performed (Tumer & Engle, 1986). Span measures ambedded in a processing

task other than reading correlated with reading comprehension just as well as did the reading span. Three

span measures were used in the Tumer & Engle study. One was a replication of Daneman & Carpenter's

(1980) reading span (referred to here as the sentence-word span test, SW) wherein subjects read a series

of unrelated sentences and recalled the last word in each sentence. In a second span measure, a to-be- 3

remembered digit followed each sentence in the serles, (sentence-digit span test, SD) and the digits were

to be recalled following the end of the series. In the third span task subjects performed simple arithmetic ]

operations (e.g., (3x 4) + 11 = .. ) followed by a to-be-remembered word, (operation-word span test,

OW). Memory span was defined as the maximum number of items (digits /words) recalled. The main

purpose of this pilot study was testing whether the relationship between these span measures and reading

comprehension Is dependent or independent of specific processing strategles required by the secondary

task. That is, does the secondary task need to involve reading, as Daneman & Garpenter (1980, 1983) ]

suggested, to predict reading comprehension? Daneman & Carpenter's hypothesis would predict that the

sentence-word (SW) and the sentence-digit (SD) span tasks would reflect differences in residual WM

capacity because of individual differences in reading skills and strategies, not because of differences in WM

capactty independent of task proficiency.

The altemative explanation, that the reading span measures abiding individual differences in WM \

capacity independent of the skills required for the processing component of the task, suggests that the

complex memory span index could be embedded in any task that requires heavy processing beyond the

span task, and still reflect individual differences in WM capacity that are important in higher ievel

functioning. Using a concurrent processing task involving strings of arithmetic operations followed by a to-

be-remembered word (OW), allowed the span task to be embedded in a processing task that requires a

different set of strategies than reading comprehension. Nevertheless, the word span measured in the

[P e U T R T TN W N B
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E & operation-word task predicted reading comprehension just as well as it did in the sentence-word (i.e.

; ::-I reading span) or sentence-digit task.

) One implication of these results is that the background task in a WM measure does not need 1o be

" reading related to lead to a correlation between the span measure and a test of reading comprehension.

’ An individual may be a better reading comprehender because of a larger WM capacity not specific to more
i efficient reading skills.
: ‘\-.; However, there is a possible confounding in the Tumer & Engle study. Reading ability and
. mathematical abllity tend to be highly correlated. Thus, good readers also tend to be good In math.

! _ Daneman & Carpenter's theory could stii be correct by the folloWlng analysis. Good readers could have a
E F . large sentence-word span because of their efficient reading skills and, independently, they could have a

" large operation-word span because of their efficient mathematical skills. The dissociation of the nature of
) the background task and the nature of the task being predicted, in this case, reading comprehension,
E ™ would only be meaningful when the two types of skills are not themselves correlated.

S.j The purpose of the first experiment was to further address the question of whether WM storage

. : capaclty Is task dependent. More importantly, the study addressed whether the correlations observed by

’: Turner & Engle are simply due to good readers also having good quantitative skills and using both kinds of

~ skills efficiently, or, whether they generally have larger WM capacities.

L One way to approach this problem Is to group subjects by their verbal and quantitative abilities and
determine whether the operation-word span still correlates with reading comprehension even when the
verbal and quantitative scores differ widely. Subjects were divided into four categories based on their

: Verbal and Quantitative SAT scores as foliows: (1) HH, those high in both verbal and math skiils, (2) HL,

- those with high verbal and low math skills, (3) LH, those with low verbal and high math skills, and (4) LL,

N those low in both verbal and math skills. A comparison of the correlations found between the different WM

: spans and reading comprehension for the different groups, particularly the HL and LH groups, should help

‘ tease apart the shared variance in the correlations due to the correlation of reading and mathematical
abliities, from that due to WM capacity.
&
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A second way of approaching the problem of whether these correlations are task specific or task
independent is to statistically remove the effects of quantitative skills (as reflected by Quantitative SAT
scores) from the correlation between each of the WM span measures with the reading comprehension
measures. f the correlation between the operation-word span and reading comprehension is simply due
to good readers also having good and efficient quantitative skills, then the correlation between operation-
word span and comprehension should disappear when the quantitative skills are factored out. On the
other hand, if the correlation between the WM span measure and reading comprehension s independent of
the particular skills involved by the background task, the partial correlation coefficient between operation-
word span and reading comprehension should still be significant.

METHOD

The Tumer & Engle experiment suggested that one of the reasons people are good readers may
be that they have a large, general WM capacity that is independent of specific task strategies. The
purpose of this experiment was to further test this idea while eliminating aiternative hypotheses. It would
help to understand the procedure of theses experiments if we consider the complex tasks like Daneman &
Carpenter's reading span as really two tasks. The primary task is remembering items, either words or
digits. But this memory task is performed against the background of a secondary or processing task like
reading sentences. Daneman & Carpenter argue that the significant correlation between the number of
items recalled in the span task will only correlate with a reading comprehension task when the secondary
or background task is also reading related.

Since different skills are clearly required for solving arithmetic problems than when reading
sentences, the secondary or background task of the current study was either solving arithmetic operations
or reading unrelated sentences. In addition, since the recall of digits likely requires different memory
strategies than those used when remembering words, the to-be-remembered items in the memory
component of the task were digits or words.

Therefore, the first experiment included a replication of our pilot study, and in addition, asked

whether any similar correlations found between the different complex WM spans and comprehension were

A
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Working memory capacity
8-
simply due to good readers also having good quantitative skills and using both kinds of skills efficiently, or,
whether they just generally have larger WM capacities independent of these skills.
Subjects

The study tested 243 University of South Carolina psychology students who participated to satisty
a course requirement or receive extra credit. All subjects were tested in groups of at least two and no more
than five and completed the tasks in two one-hour sessions.

Design

All subjects completed seven tasks: four complex WM span tasks, two simple span tasks, and the
Nelson-Denny Standardized Reading Comprehension test. In addition, written permission was obtained
from each subject to obtain their Verbal and Quantitative Scholastic Achievement Test (SAT) scores from
the University.

The four complex memory span measures were: (1) one in which subjects read a series of
sentences, verified whether each sentence made sense, and then recalled the last word in each sentence
(sentence-word span task, SW), (2) one in which subjects also read a series of semences and verified
whether each sentence made sense and recalied a to-be-remembered digit which followed each sentence,
(sentence-digit span task, SD), (3) one in which the subjects verified the answers to strings of arithmetic
operations and recalled a to-be-remembered word which followed each operation (operation-word span
task, OW), and, (4) one in which the subjects verified the answers to strings of artthmetic operations and
recalled the digit answer that was printed to the right of the equal sign regardiess of whether or not It was
the cofrect answer (operation-digit span task, OD). There were 42 stimuli In each of the four complex span
tasks (SW, SD, OW, OD), presented in 12 trials. The number of stimuli In each trial was gradually increased
from two to five, with three trials at each level.

The two simple span measures were: (1) a digit span task in which subjects were asked to
remember increasingly larger sets of randomly generated digits in the correct serial order, and (2) a word
span task, in which the sets of items to-be-remembered were words rather than diglts. There were 132

digits presented in 27 trials, and 81 words presented in 18 trials. The number of stimuli (words/digits) in
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each trial was gradually increased from two 1o nine in the digit task, and from two to seven in the word task
with three trials at each level In both simple span tasks.
The Neison-Denny Reading Comprehension Test
Form F of the Neilson-Denny standardized Reading Comprehension test was administered A total
of eight passages, each approximately 250 to 650 words In length, and 36 questions were contained in the
test pamphiet. Subjects were Instructed to silently read each passage and then to answer the muitiple
choice questions that followed each passage on the numbered answer sheets provided. They were
aliowed to look back at the material they had read, but were advised to leave difficult questions unti they
had finished answering the remaining questions. Subjects were given twenty minutes to complete the test
Reading rate was determined for each subject by having the experimenter call "Mark" when 30 seconds
had elapsed. At that time subjects recorded the number of words read, which was printed to the right of
the line on which each was reading. Accuracy scores were based on the number of correct answers out of
the total 36 questions.
Memory Span Tasks

Word stimuli: The words to be recalled in the sentence-word, operation-word and simple-
word tasks were selected from a total pool of 243 words (see Appendix A) and then divided into three sets
(L.e., Set A, Set B, and Set C) so that each subject recalled different words in each of the three span tasks.
The to-be-remembered word was the last word In the sentence in the SW task, or the word that followed
the operation string in the OW task, or was the stimulus item in the simple word task. All three sets of
words were one syllable concrete nouns, selected from the most common four to six letter words
published in the Francis & Kucera (1982) frequency norms.

Sentence stimuli: Sentences for the sentence-word and sentence-digit tasks were
generated to make sense with the designated last-word. Each sentence was from 11 to 16 words long,
was nominally unrelated to the others, and was either “correct” or “incorrect”. "Correct” sentences made
semantic and syntactic sense, e.g., The grades for our finals will be posted outside the classroom door.".
"Incorrect” sentences were made non-sense by reversing the order of the last four to six pre-terminal

words, e.g., The grades for our finals will classroom the outside posted be door.'. The number of “correct”
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and "incorrect” sentences in a trial (L.e., set size) gradually increased from 2 to 5, with three trials at each
set size. Approximately half of the sentences in each set size were randomly selected to be “correct®, and
half incorrect, with the constraint that 21 sentences in each task were “correct” and 21 were “incorrect”.
Digit stimuli: The to-be-remembered digits in the sentence-digit, operation-digit and
simple-digit tasks were randomly sampled with replacement from the integers, 1 -9. A single to-be-
remembered digit followed each sentence in the sentence-digit task, or, was the stated answer in the
operation-digit task, or was the stimulus item in the simple digit task.
Operation stimuli: Atotal of 84 operation strings served as stimuli for the processing
component of the operation-word and operation-digt compiex span tasks. Each string consisted of two
arithmetic operations and a stated final answer, e.g., [(9 / 3) - 2 = 1]. The first operation was a simple

multiplication or division problem in parentheses, such as (3 x 4) or (8 / 2). The inter-item product or

quotient was not stated, and was to be solved prior to a second operation, i.e., the simple addition or
subtraction of a single-digit integer. Approximately half of the operation strings in each trial listed an
answer after the equal sign that was correct, and half listed an answer that was incorrect by at least 4,
e.g..[(3 / 3) - 2 = 6). The number of operation strings in a trial (i.e., set size) gradually increased from 2 to
5, with three trials at each set size. As with the sentence stimuli, approximately half of the strings in each
set size were answered correctly, and half incorrectly.

General Procedure: Inall of the memory span tasks, small groups of subjects read aloud
series of stimuli that they saw projected from transparencies onto a large screen while simutaneously
hearing pre-recorded items on cassette tape. The length of each recording determined the presentation
rate for each stimulus item. The average playback time for the four different stimulus items in the complex
tasks was 423 msec for the SW task, 532 for the SD task, 396 for the OW task, and 541 for the OD task.
The experimenter kept all items covered on the transparency, except the item being presented, by
gradually moving a blank sheet of paper with a 6" 0.5" cut out, creating a "window” through which the

stimulus item was projected onto the center of the screen. Thus, all subjects heard the stimulus items

while seeing them on the screen, and were required to read the items aloud, along with the voice on the

tape. Subjects performed in groups of from two to five subjects, sitting at individual desks, positioned so
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that the experimenter could see the mouths of all subjects. Then, if necessary subjects were reminded to
read aloud, and in addition, the experimenter mouthed all items, which served as a constant reminder for
subjects to continue reading aloud.

The first trial was initiated by the experimenter after reading specific Instructions at the beginning of
each task. in the sentence-word (SW) task the experimenter allowed the first sentence to be projected
through the “window” on the screen, and played the recording of the same sentence. Subjects
immediately began reading the sentence aloud paced by the recording. As soon as each subject decided
whether a sentence made sense, he/she placed a check mark in the appropriate numbered blank on Side
1 of his/her answer sheet. Immediately after the first sentence was presented, the next sentence appeared
on the screen and subjects read it aloud, again paced by the recording of the sentence. After a series of
two sentences were read, the subjects saw a red line and heard a “recall” cue at which time they tumed
their answer sheets to Side 2 and wrote down the last word of each of the sentences they had read. After a
set of three trials at set size 2, the number of sentences was increased to three.

And, after each additional set of three trials, the number of sentences continued to be incremented
by one until subjects were reading five sentences prior to the “recall” cue. Likewise, in the sentence-digit
(SD) task, wherein each sentence was followed by a digit, subjects saw, heard and read each series of
sentences and digits aloud, along with the voice on the tape. Again, subjects verified whether the sentence
made sense, and when they heard the “recall* cue they serially recalled the to-be-remembered digits. In
the operation-word (OW) task subjects also saw, heard and read aloud series of operation strings and to-
be-remembered words, again paced by the recorded stimulus presentation. Subjects immediately verified
whether each stated answer following the equal sign was correct or incorrect, and finally when the “recall”
cue was heard they wrote the to-be-remembered words in any order. In the operation-digit (OD) task
subjects saw, heard and read aloud the series of operation strings, paced by the recording, and as soon as
possible verified whether the stated answer was correct. When the recall cue was heard they recalled the
answer stated after the equal sign in the correct serial order, whether or not the stated answer was correct.
In the OW and OD tasks all intermediate computations were required to be slent and no alds (i.e., pencil or

paper) were allowed.
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In the two simple span tasks subjects saw, heard and read aloud words or digits, sequentially
presented at a rate of one per second. The number of words presented prior to the recall cue was
gradually increased from 2 to 7, and the number of digits was increased from 2 to 9. When the recall cue
was heard, subjects wrote thelr answers on answer sheets numbered from 1 to 81 for word recall, and from - :
1 to 132 for digit recall. Diglts were recalled in the correct serial order and words in any order. C
ﬂ RESULTS EXPERIMENT 1 “
The data from this study consisted of 22 scores for each of the 243 subjects, they were derived
from the four complex memory tasks, the two simple memory tasks, the Nelson-Denny Reading :

. Comprehension task, and the Verbal, Quantitative and Total SAT tests. The data from the four complex

!

span tasks consisted of one measure of the processing component and two of the storage component of

SRR

the task. The processing component measure was the number of correct verifications for sentences or
operations in each task. The span data for a subject were not included in the analysis If the verification

maasure was below 80%. The data for two subjects were excluded from each of the complex spans. One

W RPN Y

recall measure was a Set-Size Memory Span. This was the maximum size of the set of to-be-remembered

*

tems (words or digits) in which the subject perfectly comectly recalled the memory tems two out of the
three times. A second recall measure was a Total Memory Span. This was the total number of correctly
recalled words/digits from all trials. Within each trial words could be correctly recalled in any order, while
digits had to be recalled in the correct serial order to be included in the total memory span. These two .
7 measures were also derived for each of the two simple span tasks.

The scores dertved for each subject from the Nelson-Denny Reading Comprehension test

-
3

. consisted of (1) the number of correct answers out of all 36 possible questions, (2) the percentage of oy
F correct answers out of the total questions completed, and (3) the number of words read per minute. The
second measure was used as an attempt to express comprehension independent of reading speed. .

-, However, since this measure did not correlate with the span or any other comprehension measures used in i

v
r‘! L}

the current study and Is not the standardized measure for the Neison-Denny, it will not be discussed )

vy v r

:-" further.
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N

The two span measures led, with few exceptions, to the same conclusions so only the results of
the total memory span will be reported. This measure of WM has been used by other researchers (e.g.,
Baddeley, Logle, Nimmo-Smith & Brereton, 1985 and Masson & Miller, 1983) and will allow better
comparison across studies. The highest possible score for this measure was 42 for the complex spans, 81
.. for the simple word span and 132 for the simple digit span. Table 1 reports the descriptive statistics for the

WM measures and comprehension measures.
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Table 1
. DESCRIPTIVE STATISTICS FOR WM TOTAL SCORE
-

Tasks
':\‘
-l Sentence Sentence Operation Operation Simple Simple
E Word Digit Word Digit Word Digit
_ Mean 29.1 325 326 28.4 63.0 g5.8
< SD 5.1 5.8 4.4 6.2 10.6 19.2
] " Minimum 17 18 19 15 23 24
i Maximum 41 41 41 40 84 130
ESCRIPTIVE STATISTICS FOR COMPREHENSION AND SAT RE
- Nelson/Denny  Verbal Quantitative
= Number Reading SAT SAT
. Correct Rate Score Score
Mean 26 269.8 4415 456.9
. sD 5.03 86.3 88.47 91.1
» Minimum 8 36 240 270
Maximum 35 756 680 720
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Reading Comprehension: Table 2 shows the Pearson Product Moment correlation
coefficients calculated between the total memory span and the comprehension measures. The major goal
of Experiment 1 was to determine whether the relationship between the WM span scores and reading
comprehension varies as the nature of the WM background task was varied in the complex tasks. Table 2
shows the correlational coefficients central to this question. Clearly all four complex span measures
correlated significantly with the Nelson-Denny  even though the magnitude of that correlation was neary
twice as high for those tasks involving the recall of words as for those involving the recall of digits. The
Nelson-Denny correlated significantly with Sentence-word (SW) span, r(241) = .37, p < .0001, with
Operation-word (OW) span, r(241) = .40, p < .0001, with Sentence-digit (SD) span, r(241) = .20, p < .002,
and with Operation-digit (OD) span, r(241) = 24, p < .002. These correlations suggest that comprehension
may be related to WM span, whether measured against a background task involving reading or performing
artthmetic problems. Subjects with higher Sentence-Word spans were better reading comprehenders than
subjects with lower Sentence-Word spans. More importantly, subjects with higher Operation-Word spans
were also better at reading comprehension than those subjects with lower OW spans. The correlations of

Neison-Denny with Sentence-Word and Operation-Word spans were not statistically different, t(241) =

0.32, p > .50.
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Table 2
CORRELATIONS BETWEEN TOTAL SPANS AND COMPREHENSION MEASURE
Nelson-Denny Verbal Quantitative
Accuracy SAT SAT
Span Task Scores Scores Scores
Sentence-Word 37 .2g** 26**
Operation-Word .40** .34 .33
Sentence-Digit .20* .08 24*
Operation-Digit .24* N .24*
Word .07 .08 .09
Digit 10 12 12
* r(241), p<.002
** r(241), p<.0005
N=243
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The magnitude of the correlation between the two complex digit spans and comprehension was
relatively smaller than it was between the two complex word spans and comprehension. The correlations
between the Sentence-Digit span and Nelson-Denny, r(241) = .20, p < .0023 , and between the Operation-
Digit span and Nelson-Denny, r(241) = .24, p < .0002, were not significantly different from each other,
1(241) = 057, p > .50. Although all four complex spans cormelated significantly with reading
comprehension, those requiring word recall predicted reading comprehension significantly better (r=.37
and .40) than those tasks requiring the recall of digits (r=.20 and .24). Significant differences at the .05
level were found between all combinations of the SW and OW pair of spans and the SD and OD pair of
spans, SW/ND (r=.37) and SD/ND (r=.20), t(241) = 2.90, SW/ND (r=.37) and OD/ND (r=.24), 1(241) =
1.99. OW/ND (r=.40) and SD/ND (r=.20), t(241) = 3.23, and OW/ND (r=.40) and OD/ND (r=.24), t(241)
=213

Verbal BAT: Differences in the predictability of reading comprehension by the two types of
complex spans (digit and word) were also found in the correlations between the complex spans and VSAT
scores. Table 2 shows that both compiex word spans correlated significantly with VSAT, SW/VSAT, r(208)
= .28, p < .0001, and OW/VSAT, 1(208) = .34, p < .0001. On the other hand, nelther of the correlations
involtving complex digit spans and VSAT were significant, SD/VSAT, r(208) = .08, p > .24, and OD /VSAT,
r(208) = .11, p > .10. Thus, there was no relationship found between VSAT and complex digit spans, but
complex word spans did predict VSAT.

Quantitative BAT: There was a relationship, however, between all four complex
spans (SW, OW, SD, and OD) and QSAT. Table 2 shows significant correlations between SW and QSAT,
1(208) = .26, p < .0002, OW and QSAT, r(208) = .33, p < .0001, SD and QSAT, r(208) = .24, p < .0005,
and OD and QSAT, r(208) = .25, p < .0003. These significant and nearly equivalent correlations between
the four complex spans and QSAT might be expected, considering that the different components of the

QSAT would invoke both verbal and quantitative skills, i.e., names of the digits, etc., and that VSAT

correlated with QSAT, r(208) = .54, p < .0001.

AL
Yoo ®

., :,{\.‘.-.. Jo A fa




I .4‘_.'

P S
l‘:z.t\"s.-..&.“..m.x L%

Working memory capacity
-18-

S8imple Bpans: As expected, the simpie word and digit spans did not predict reading
comprehension. The correlation between the simple word span and Nelson-Denny was, r(241) = .15, p
>.097, and between simpie digit span and Nelson-Denny was, r(241) = .16, p > .075. In addition, Table 2
shows there were no significant correlations between VSAT or QSAT with word span, r(208) =.08 and .09
respectively, or with digit span, r(208) = .12 and .12 respectively. Therefore, individual differences In the
number of words or digits recalled did not predict individual differences in comprehension as measured by
Nelson-Denny, VSAT or QSAT scores.

Reading Rate: There was no relationship between reading rate and WM capacity. The only
measures that approached significance in correlation with reading rate were the SW and OW complex
spans, r(241) =.17 and .19 respectively, p < .06. No other span and reading rate correlations approached
significance.

8pan Inter-correlations: The four complex spans tended to correlate with one
another, ranging between .35 and .54 (see Table 3). Not surprisingly, the highest span correlations were
between the two
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- Table 3

RRELATIONS AMON MPLEX AND SIMPLE SPAN

Tasks
>
Sentence Sentence Operation  Operation Simple Simple
i Word Digit Word Digit Word Digit
Sentence Word -
:E:j Sentence Digit 50** -
. Operation Word 53** 43** -
- Operation Digit .38**  .58** .38** -
- Word 10 .03 .08 15 -
) Digtt 24* 27* 35%+ 18* A46** -

*r(241), p<.01

** 1(241), p<.0001

complex spans requiring word recall (SW and OW), r(241) = .53, p < .0001, and, between the two complex

spans requiring digit recall, (SD and OD), r(241) = .58, p < .0001. The remaining cofrelations were also

fairly large among the complex spans, SW/SD, r(241) = .50, SW/OD, r(241) = .38, OW/SD, r(241) = .43,
| and OW/OD, r(241) = .38, atthe p < .0001 level. In addition, Table 3 shows a large correlation between
::. the simple word and digit spans r(241) = .46, p < .0001. Thus, the simple spans were highly correlated,

- and the complex spans highly correlated, however, the correlations across the different types of spans
(compliex and simple) were much lower, ranging between -.03 and .35. To the extent that the correlations
among the complex spans were similar, these memory measures may be tapping the same underlying

< process. And, of course, the correlation between the two simple spans suggested these two measures

5 may be, at least partially, determined by the same underlying process.

This was, in fact, supported by a principle components analysis of the span scores which
accounted for 53% of the variability in the set of span measures. The variable loadings (with eigenvalues

greater than 1) of the span measures on each of the components are shown in Table 4. The first
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component, which accounted for 37.3% of the variance, carries variance associated mainly with the four
complex span measures,
Table 4

PRINCIPLE-COMPONENT ANALYSIS: VARIABL ADIN N MMUNALITIE

T EOTRTR

Component
Variable 1 2 Communality
Sentence Word 74 -.18 .58
Sentence Digit 77 -18 .63
Operation Word .74 .03 .54
Operation Digtt .71 -.28 .58
Word .09 .81 .66
Digit 51 .68 74

showing the following high variable loadings: SW = .74, SD = .77, OW = .74 and OD = .71. The simple
digit span also loaded to a lesser degree on the first component, .51. The second component, which
accounted for 19.7% of the variance, consisted of the two simple span measures showing variable loadings
of Word = .81 and Diglt = .69

Comprehension and BAT Inter-correlations: Asexpected, the correlations
among the comprehension and psychometric measures were all large and significant: (1) Nelson-Denny
(ND) and VSAT, r(208) = .66, p < .0001, (2) ND and QSAT, r(208) = .41, p < .0001, and (3) VSAT and
QSAT, r(208) = .54, p <.0001.

summary of Correlational Analyses: The comelational analyses showed that
comprehension had a relationship with the four complex spans, and that the simple spans did not predict
comprehension. In addition, the complex word spans more adequately predicted comprehension than did
the complex diglt spans. Span inter-correlations also were higher between the two simple spans, and the
complex word spans, than those correlations between simple and complex spans. In addltion, the

relationship between the complex digit spans (SD/OD), and between the complex word spans (SW/OW),
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was greater than between complex word and digit spans (SW/SD, SW/OD, or OW/SD, OW/OD). These
findings were based on tests of differences in the magnitude of correlations.

However, as pointed out by Marascuilo & Levin (1981), what determines the strength of a
relationship, Is the closeness of points to a regression line. Thus, any two sets of correlations may be
found not significantly different (i.e., the two different sets of points, or ellipses, may be equally close to
their respective regression lines), but the corresponding slopes of the two regression lines may not be
similar. A linear prediction of reading comprehension may be quite different when using one WM complex
span, than when using another, even though the strengths of the two linear predictions (i.e., the two
correlations between spans and comprehension) are similar.

The regression of Sentence Word with Nelson-Denny and of Operation Word with Nelson-Denny
were central to the present study. An analysis was performed to test the hypothesis that the slopes of
these two regression lines were parallel. This hypothesis could not be rejected, F(1,234) = 0.07, p > .25,
MSE = 40.46. In other words, the two complex spans requiring the recall of words were simitar in their 4
ability to predict reading comprehension as measured by the Nelson-Denny. X

Linear Relationship between S8pan and Comprehension: The principal- q

{
1

components analysis confirmed that the relationships between reading comprehension and complex

spans reflecting WM capacity should be additionally explored in a regression analyses. One way to
approach the problem of whether one, two or all of the four complex spans are needed to predict
comprehension, or, whether the spans similarly account for the variation in reading comprehension, is
through a stepwise multiple regression analysis using the forward selection technique (Marascuilo & Levin,
1981).

This procedure allowed a different complex span measure to serve as the first, most powerful
predictor of comprehension in each of four models. The relative contributions of each remaining complex

span in predicting comprehension In each of the different models were then compared. Table 5§ shows the

results of the stepwise regression analysis.
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TABLE 5
’ﬁ TEP REGRESSION WITH THRE MPREHENSION MEASURES AS CRITERION
Order Proportion
of Predictor of Variance Model
.-' Entry Variable Accounted for R F p
Nelson-Denny
1 Operation Word .1603 .1603 45.25 .0001
' 2 Sentence Word .0326 1929 9.53 .0023
1 Sentence Word 1342 1342 36.74 .0001
) 2 Operation Word .0587 1929 17.17 .0001
- VSAT
. 1 Operation Word .1146 1146 26.66 .0001
- 2 Sentence Word 0154 1300 3.63 .058
= 3 Sentence Digit 0162 1462 387 050
- QSAT
-
1 Operation Word 1101 1101 2548 .0001

- 2 Sentence Digit 0135 1236 3.16 0771

Table 5 indicates the increment in the ND comprehension variability that was accounted for by
each span measure when entered into two different models. In the two models, entering SW and OW first,
- the change In the predicted variance of ND comprehension due to the addition of a third most powerful
predictor span was never significant, indicating that SW and OW spans were sufficient predictors of
L comprehension. Entering OW span first accounted for 16.03% of the variance, while SW added 3.26%.

Entering SW span first in this fashion accounted for 13.42% of the variance, while OW added 5.87%.

- Table 5 also shows the stepwise regression analysis with VSAT as the criterion variable. When the
~, four spans were allowed to compete in the stepwise procedure OW span was selected first, accounting for
)
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11.46% of the variance in VSAT, with SW span next, accounting for an additional 1.54%, and SD span last,
accounting for an additional 1.62% of the final model, F (3,204) = 11.65, p < .0001. The OW span was the
only variable that accounted for a significant proportion of variance in QSAT, 11.01%, F(1,208) = 25.48, p
< .0001.

The question addressed by this study was whether WM capacity is task dependent. Does a WM
measure need to be “reading” related to generate a significant correlation between the span measure and a
test of reading comprehension? Finding similar correlations between the four complex spans and the ND
comprehension measure implies WM capacity transcends task dependency. These results clearly show
that the processing component of the WM span does NOT need to be “reading" related to produce a
correlation between the span measures and reading comprehension. This suggests individuals may be
good or poor reading comprehenders because of a large or small WM capacity, not because of more or
less efficient reading skills. However, there Is another possible explanation addressed by this study, it may
be that these similar correlations are simply due to good readers also having good quantitative skills in
which case the significant correlation of Operation Word with the measures of reading comprehension
would be accidental in nature. Thus, the correlation between SW and comprehension could occur
because, as Daneman & Carpenter argue, the SW task causes reading skills to be invoked and the residual
WM capacity is reflected by the number of words recalled. The OW task would lead to arithmetic skills
being invoked and, since verbal and quantitative skills tend to be correlated (.54 between VSAT & QSAT in
the current sample), the WM capacity reflected by the OW task would tend to be simkar to the WM capacity
reflected by the SW task. However, WM capacity would still be task dependent. This problem was
approached In two statistical analyses of the data, a group analysis and a partial correlation analysis.

Group Analysis: The group analysis consisted of categorizing the 243 subjects into four
groups based on their VSAT and QSAT scores: (1) HH, those subjects achieving high scores on both VSAT
and QSAT, (2) HL, those achieving high scores on VSAT and low scores on QSAT, (3) LH, those achieving
low scores on VSAT and high scores on QSAT, and (4) LL, those achieving low scores on VSAT and QSAT.
High VSAT and QSAT scores were defined as those scores that were one half of a standard deviation

above the mean of each sample distribution. Low VSAT and QSAT scores were defined as those scores
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that were one a half standard deviation below the mean of each sample distribution. The sample
distribution means and SD's for the VSAT scores were, x = 442, SD = 89, and for the QSAT scores were x
= 457, SD = 90.

Thus, the 30 subjects in Group HH had VSAT scores above 487, and QSAT scores above 502,
with the added constraint that the difference between their VSAT and QSAT scores be less than one SD, or
less than 90. The 25 subjects in Group HL had VSAT scores above 487, and QSAT scoresbelow 412,
with the added constraint that the difference between their VSAT and QSAT scores be greater than one SD,
or greater than 90. The reverse criteria applied to the 44 subjects in Group LH, who had VSAT scores
below 397, QSAT scores above 502, and the difference between their QSAT and VSAT scores was greater
than 90. Lastly, the 37 subjects in Group LL had VSAT scores below 397, QSAT scores below 412, and the
difference between their VSAT and QSAT scores was less than 90.

Tabie 6 shows the sample statistics (span, comprehension and SAT) for each of the four groups

(HH, HLL LH, & LL).
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Table 6
IPTIV P STATISTI
[
Complex Simple Comprehension
Spans Spans Tests
Group SW ow SD (0)9) Word Digh ND VSAT QSAT
» . High-High
: Mean 30.4 34.8 34.0 286 62.2 94.9 30.6 551 567
SD 3.2 34 47 5.6 10.7 211 2.2 43.8 45.4
'.- Min 22 28 21 17 35 41 26 490 510
Max 36 41 41 38 77 123 34 640 680
High~Low
Mean 29.7 333 311 29.1 62.8 949 288 5§30 399
SD 464 5.2 584 55 94 17.6 43 825 68.0
Min 22 23 21 19 38 66 20 486 280
{ Max 38 39 41 41 80 120 35 680 413
Low-High
. Mean 291 330 333 300 658 1046 252 401 532
SD 46 5.2 5.8 55 9.4 17.6 43 65.9 73.6
Min 19 24 19 18 36 62 14 240 485
; Max 41 41 41 41 80 130 31 414 720
Low-Low
Mean 278 308 315 266 630 965 225 338 358
- SD 57 36 7.2 6.3 8.2 15.8 46 3.7 37.1
Min 18 19 18 18 36 62 12 240 270
Max 39 39 41 41 76 129 31 390 410

As would be expected, the range of each of span and comprehension measures for each of the four

groups was more limited than for the entire sample.
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Inaddition, the range of WYSAY and QSAT scares was more limited in the HH and LL groups, than in
the HL and LH groups. This Is important because a greater range of SAT scores defining any specific
group would increase the liklihood of a “true” relationship being observed between span and
comprehenslon scores. Thus, it is more dikely that correlations calculated between span and
comprehension in the HL and LH groups would reflect a “true” assoclation between WM capacity and
comprehension, than those from the HH and LL groups. It is also important to note that the means for the
reading comprehension scores were higher for the two groups with high VSAT scores (Group HH, x=30.6
“and Group HL, x=28.8), than for the two groups with low VSAT scores (Group LH, x=25.2 and Group LL,
x=22.5). Thus, the Nelson-Denny comprehension scores supported the validity of the categorization
procedure.
The group analysis was performed to answer the question of whether the similar correlations
between complex spans and comprehension are simply due to good readers also having good quantitative
skills, or whether they just generally have larger WM capacities independent of these skills. Table 7 shows

the correlations that are important in
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Table 7
R RRELATION TWEEN SPANS AND COMPREHENSI ASURE
Tasks
Sentence Operation Sentence  Operation Simple Simple
Word Word Digit Digit Word Digit
High-High
ND 41t -.03 -.04 22 .05 -.06
VSAT .16 .00 -.05 .16 .01 .01
QSAT 32 .23 .23 .43* -.29 0.06
High-Low
ND 59** AT+ .23 .33 -10 .32
VSAT H4r* .30 .04 A7 -15 .32
QSAT .65*** .46* .10 .26 .08 .40*
Low-High
ND .23 .38* 37 32* .07 .29
VSAT A7 31t 15 .08 .07 14
QSAT 14 .34 22 J2 .05 13
Low-Low
ND 37 .18 .01 .24 .03 -.03
VSAT 42" 44+ -19 .21 -.19 -14
QSAT 41* .24 14 .34 -.29 10
* p<.05 N=30forHH N=43forLH
** n<.005 N=25forHL N=36forlLL
*** < 0005 '
J
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answering this question, those between OW span and comprehension. As mentioned

:.- above, the most informative correlations would likely be for Groups HL and LH. Hence, the fact that the

correlations between OW and ND from Group HH, r(28) = -.04, p > .85, and from Group LL, r(36) = .18, p

> .29 were not significant was not surprising. However, the correlations between Operation Word and

Nelson-Denny were significant for the High-Low group, r(23) = .47, p<.02, and the Low-High group, r(41)

= .38, p < .01. When comparing these latter two correlations (r = .47 and .38 standardized to z = .60 and

.48) no significant difference was found, z = .45, p > .33. In other words, the OW/ND correlation (.47) for

Group High-Low, consisting of individuals with good verbal and poor quantitative skills, was similar to the

! OW/ND correlation (.38) for Group Low-High, consisting of those individuals with poor verbal and good

“ quantitative skills. Thus, the OW and Nelson-Denny correlation was NOT affected by the level of arithmetic

: math skills. The group analysis suggested that similar correlations between complex spans and

comprehension may be reflecting differences in WM capacities, independent of specific skills required in

the complex span task.

"..j:j Partial Correlation Analysis: The partial correlation technique was also used to
address the question of whether the significant correlation between Operation Word and reading
comprehension measures was an artifact of the tendency for verbal and quantitative skills to correlate. In

this procedure, the possibility was considered that the corretations between each of the complex spans

and ND comprehension were confounded by the covariance between verbal and quantitative abilities.
Therefore, the effect of quantitative abilities (QSAT) was partialled out prior to measuring the relationships
. between the complex spans and comprehension. Table 8 shows significant values for the
Table 8
ARTIA RRELATIONS BETWEEN SPAN AND COMPREHENSION MEASURE
Comprehension Measures
Nelson-Denny Verbal
. Accuracy SAT
: Span Measures Scores Scores
, Sentence Word 25%** AT
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Operation Word 25%* 20**
Sentence Digh .10 -.07
Operation Digit .10 .02 G
Word .06 03 .
Digit .09 .02
* r(208), p<.01

** 1(208), p<.006

*** r(208), p <.0004

following partial correlations: (1) SW and ND, r(205) = .25, (2) OW and ND, r(205) = .25, (3) SW
and VSAT, r(205) = .17, and (4) OW and VSAT, r(205) = .20. All other partial correlations were not ~
significant. The important point is that the relationship between operation span (OW) and reading
comprehension (ND) is still present when quantitative skills (QSAT) are factored out of the association.

However, neither of the complex digit spans (SD and OD) showed a significant relationship with

S P

comprehension after the effect of QSAT was removed. The zero order correlations for SD/ND (r=.20) and
OD/ND (r=.24) were half the magnitude of the SW/ND (r=.37) and OW/ND (r=.40) zero order
correlations.

In summary, the significant partial correlations between the OW and SW spans and
comprehension suggests the complex span measures of WM capacity may be independent of the
particular skills invoived in the processing component of the span task. The correlation between OW span
and reading comprehension was not simply due to good readers also having good quantitative skills.

EXPERIMENT 2

The purpose of this experiment was to study the relationship between the complex WM span and
comprehension measures while manipulating the difficulty of the processing component of the span tasks.
The findings of Experiment 1 showed that the complex spans reflecting WM correlated with reading
comprehension. More importantly, the correlations found between complex spans and comprehension did
not depend on the use of specific reading skills in the processing component of the span task. The

complex memory span predicted reading comprehension even If it was embedded in a concurrent
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processing task that was unrelated to reading skills. However, there was no relationship found between
comprehension and the traditional span measures in Experiment 1. Why was reading comprehension
predicted by the complex WM spans, but not by the simpie word or digit span measures? One reason for
this may be that individual differences in the simple spans are a result of differences In the use of memory
strategies such as chunking, rote rehearsal, phonetic recoding and elaboration. It Is unlikely that these
same strategies, with the possible exception of phonetic recoding, would be very important to reading
comprehension. The complex span measures may more cliosely reflect the number of “ftems" that can be
represented in the working memory without the aid of rehearsal. The complex span measures may
correlate with reading comprehension because the processing component of the task (i.e, reading
unrelated sentences or solving operation strings) inhibits the use of these memory strategies. This theory
suggests that any method of eliminating the use of memory strategies while measuring WM should lead to
a more accurate measure of this limited capacity memory.

One way to test whether the processing component of the complex span task is simply preventing
memory strategy use, is to vary the difficulty of the processing component. Theoretically, the span
measured while processing very simple sentences, e.g., 'See the dog.', should be similar to the simple span
measure. The processing of these simple sentences would not be so demanding that subjects could not
make some use of strategies. On the other hand, reading sentences, such as, 'She saw the small dog run
behind the truck.’, would be more demanding and would minimize strategy use Therefore, spans
measured against an easy background task would not likely predict reading comprehension as well as
spans measured against a more difficuft background task. This suggests that as the difficuity of the
processing component of the task increases, strategy use would be less likely, and the resuiting
relationship between span and reading comprehension would increase. However, when trying to
remember ltems while processing very difficuit sentences, such as, The young lady with the old man saw
the small dog run behind the brand new 1987 Ford truck ', the correlation between span and

comprehension may break down. if the background becomes too difficult several things could happen

that would diminish the relationship between the complex span and reading comprehension. One is that
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some subjects would just give up on the background task and allocate all their resources to the span
component. So, to some extent, for these subjects the task would be more like the simple span.
Another result of an exceedingly difficuit background task could be that span performance would
be compressed to the extent that the range of scores would be restricted. And, to the extent that the
range of the span scores Is restricted, the resuiting correlation between comprehension and span would be
decreased. Therefore, since spans measured against easy background tasks may not inhibit the use of
memory strategies, resulting in a span similar to the traditiona! simple spans, and spans measured against
very difficult background tasks would be restricted in range, a comparison of correlations between
comprehension and easy, moderate and difficult complex spans might resutt in an inverted U-shaped .“_
function. ‘
it is also important to note that if the correlation between sentence-word spans and reading
comprehension are considered to depend on the use of reading skills in the processing component of the —

span task, as Daneman & Carpenter argued, then, as the background task is made more difficult the

resulting SW span and comprehension correlations would behave In the manner described above. The SW
span/comprehension correlations should increase in magnitude, up to that point where the difficuity level
restricts the range of the SW span measure. However, if, as Daneman & Carpenter argue, the correlation
between comprehension and complex span is determined by specific task skills used in the background
task, then when the difficulty of a background task consisting of operation strings is manipulated, the
resulting pattem of span and reading comprehension correlations should not be the same as the pattern of
cofrelations between SW span and reading comprehension. Solving operation strings clearly does not
require reading skills, yet the OW span measured against the background task of veritying operation

strings correlated with reading comprehension (r=.40 in Experiment 1). The OW span/comprehension

correlation suggested specific task skills did not determine the complex span measures reflecting WM
capacity. If a comparison of the behavior of OW span/comprehension correlations with SW
span/comprehension correlations should resutt in similar shaped functions, & would appear that a task
Independent explanation would be further supported.

METHOD
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In this experiment the difficulty of the processing component of the complex sentence-word (SW)
and operation-word (OW) span tasks was manipulated. Three levels of difficulty were defined for the
processing components of the SW and OW tasks. Unrelated sentences used in the verification component
of the SW task were simple, moderately difficutt, or difficult, and, the operation strings used In the
verification component of the OW task were simple, moderate, or difficutt. Thus, there were three SW and
three OW span tasks. Reading comprehension was tested with Form F of the Nelson-Denny Reading
Comprehension Test. The stimull and administrative procedures for this standardized test were identical to
those described in Experiment 1.
Subjects
There were 52 undergraduate students enrolled in psychology courses at the University of South
Carolina who were tested individually in two one-hour sessions. Two of the subjects were unable to
compiete the difficutt OW verification task, and therefore, their data were not used. The remaining 50
subjects completed six complex WM span tasks and one comprehension task. The order in which the
seven tasks were completed was randomized across individuals and sessions to balance practice and
boredom effects.
Memory Span Tasks
The word stimull used in the memory component of the SW and OW complex tasks were identical
to those used in Experiment 1. Again, three sets of words were used so that subjects would not recall the
same words in any one session.

stimuli for BW task: Asdescribed in Exp. 1, the unrelated sentences were generated

backwards using words from the three sets of stimulus words as the last word in each sentence. Sentence
difficulty was varied in two ways: (1) linguistic difficulty, and (2) the length of the sentences. The linguistic
difficuity of sentences has been tested by many researchers. For example, Miller & McKean (1964) found
" the reaction time required to transform keral active-affirmative sentences was a function of the complexity
of the transformation required. These findings suggested that processing is more difficult for passive and
negative than active and affirmative sentences. Therefore, the unrelated sentences In this experiment were

. active-affirmative (simple), passive-affirnative (moderate) or passive-negative (difficult). The length of the

e e e _",T. “n \'.-_..-__'-\ . RS ‘ ' T R S T A N ALY - ". _'. - .-“' -“. A '..“ RN S et e '.._'.\_" ., " AN .“.--':“'
A ASRAEALSELERA R AERLY AR N Cne : y v v
A_‘{A_‘.;l -f;.f‘i:-‘u.wf.‘.{f-h



Working memory capacity
-33-
sentences was varied by adding one phrase (for the moderate sentences) or two phrases (for the difficult
sentences) to the kernal sentences used in the simple sentences.

Bentence stimuli: There were three sets of sentences totalling to 180 (60 in each of
three sets) simpie sentences, 126 moderately difficult and 126 difficult sentences. The simple sentences
were active and affirmative, consisting of four to five words, e.g., ‘People gave thelr time.". The moderately
difficult sentences were passive and affirmative, consisting of eight to eleven words, e.g., ‘Money iIs given
by people at Christmas time.. The difficult sentences were passive and negative, consisting of from ten to
fiteen words, and was one phrase longer than the moderately difficult sentences, e.g., 'Money was not
given by people In that state at Christmas time.".

Halt of these sentences made sense and half were made non-sense by reversing the order of the
middie two words in the simple sentences, e.g., ‘People thelr gave time.', or, the last four or five pre-terminal
words In the moderate and difficuit sentences, e.g., ‘Money is given Christmas at people by time.', or
‘Money was not given by people in Christmas at state that time.".

Manipulation check on sentence difficulty: A study was conducted
to test whether response time to verify the three different types of sentences conformed to expectations.
All simple, moderate and difficult sentences used in Experiment 2 were presented on a computer monitor,
one at a time, to 24 subjects whose task was to verify whether each of the sentences made sense.
Subjects were given reaction time and accuracy feedback after each verification trial and were instructed to
maintain at 90% accuracy. Each verification error produced a "beep” from the computer. When there were
more than four beeps in a row the experimenter repeated the instructions, stressing that the subject take
longer to respond in order to be more accurate. Subjects were most accurate when verifying simple
sentences (x=98.7% correct), somewhat less accurate when verifying moderate sentences (x=93.7%
cofrect), and even less accurate when verifying difficult sentences (x=86.6% correct). Subjects were
fastest at verifying simple sentences (x= 1955 msec), slower at verifying moderate sentences (x=2943
msec), and slowest at verifying difficuit sentences (x=3947 msec). Thus, the performance function
resuiting from the pilot study confirmed that the sentences used as stimuli in Experiment 2 are differentially

difficult as described.
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8timuli for OW task: The difficuity of the operation strings in the OW task was
varied in two ways: (1} the number of operations in the string, and (2) whether the fraction, 0.5, was used in
the string. Each of the simple operation strings (60 in each of three sets) consisted of the addition or
subtraction of two single-digit integers followed by an equal sign followed by an answer. All of the addends
were randomly selected with replacement from the digits 1-9, with the constraints that the same digit not be
used for both addends, and, that the correct sum also be a digit between 1and 9 (e.g.,3 + 1 = 4;8-5 =
3). Half of the stated sums were correct and half were incorrect by 4.

Each of the 42 moderately difficult operations in each set consisted of two operations with a stated
final answer, (e.g., (9 / 3) + 4 = 7). The first operation in the string was a muttiplication or a division
problem in parentheses, such as (6 / 3) or (2 x 3), foliowed by the addition or subtraction of a number
between 1 and 9. The integers were all randomly sampled with replacement from the numbers 1 - 9 with
the constraints that the unstated inter-item product, and the stated final answer, be whole numbers
between 1 and 9. Half of the stated final answers were correct and half were incorrect by 4.

Similar to the moderate operations, each of the 42 difficult operation strings in each set consisted
of a multiplication/division operation, followed by an addition/subtraction of a number, with a stated final
answer. However, the diglts in the probiem were constrained so that the stated answer or the unstated
inter-item product included the fraction 0.5, e.g.,[(25x 2) + 1.5 = 6.5), or, [(7 / 2) - 2.5 = 1]. The final
answers were also constrained to be between 0.5 and 9.5, with half correct and half incorrect by 1 or 2.

Manipulation check on operation dAifficulty: Similartothe sentence
verffication study, an operation verification study was conducted to test whether subjects differentially
processed the different types of operation strings. All operation strings were randomly presented on a
computer monitor to 24 subjects whose task was to verify whether each of the stated answers were
correct. Subjects were given reaction time and accuracy feedback after each trial and were Instructed to
maintain 90% accuracy, and urged to slow down when making too many errors. Subjects were most
accurate when verifying simple operations (x=92.78% correct), less accurate when verifying moderate

operations (x=86.2% correct), and least accurate when verifying difficult operations (x=65.97%). Subjects
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were fastest at verifying simple answers (x= 1977 msec), slower at verifying moderate answers (x = 2563

'
)

msec) and slowest at verifying difficult answers (x =3459 msec).

g
»

General procedure
The procedure for administering the six complex WM span tasks was similar to that
N described in Experiment 1, except subjects were tested one at a time with the series of stimuli presented
u on an IBM microcomputer. The number of sentences (In the three Sentence Word tasks) or operations (in
the three Operation Word tasks) within each 3-trial series was gradually increased from two to five for the
moderate and difficult stimuli levels, and from two to six for the simple stimull levels. Specifically, each
. | subject read the visually-presented unrelated sentences (SW tasks) aloud and verified whether the
sentence made sense on their answer sheet. Immediately after a subject finished reading a sentence aloud
the experimenter pressed the return key causing the next sentence to appear in the series. The elapsed
- time each subject required to read and verify each sentence was recorded. When a series of sentences
was completed (i.e., one trial) a question mark appeared at which time the subject wrote, in any order, the

last words of the sentences just read. Similarly, in the three OW tasks, each subject read aloud a series of

l."'-“"'l

operations and to-be-remembered words, verifying whether each stated answer was correct. Immediately

I

y after a subject finished reading and verifying an operation string the experimenter pressed the retum key

€ x
t

e and the next string appeared. When a series of operation strings was compieted the question mark
appeared which cued the subject to recall the words in any order. No limit was placed on the time allowed
for the computations, and the time taken to read and verify the problem was recorded. Subjects were
warned that the number of stimuli in each trial would increase as they progressed through the series of

Y- each task.

RESULTS EXPERIMENT 2

The data for this experiment consisted of scores obtained for each subject from 36 measures of
WM span, reading comprehension, and the Verbal and Quantitative components of the Scholastic

Achievement Test. Table 9 shows the mean, standard
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Table 9
." DESCRIPTIVE STATISTICS FOR WM TOTAL SCORE
N Sentence Operation
::: Simple Moderate Difficult Simple Moderate Difficult
i Mean 421 299 268 46.5 32.3 29.0
) % recall 70 7 64 78 77 69
= SD 5.40 3.78 5.04 4.80 4.20 5.04
Mean Span 3.2 29 24 38 3.1 25
. Minimum 30 20 17 31 18 18
Maximum 55 40 37 56 39 39
;A
' ESCRIPTIVE STATISTICS FOR COMPREHENSION AND SAT RE
Nelson Denny Verbal Quantitative
Number Reading SAT SAT
Correct Rate Score Score
_ Mean 26.7 289.5 443 .4 479.6
. sD 5.45 856 406.0 107.7
5 Minimum 12 170 250 270
Maximum 35 544 680 690

deviation, minimum and maximum for the span measures and the reading comprehension measures. In

each of the six complex tasks there were two measures of the processing component of the task: (1)

mean response time to complete reading and verifying the item, and (2) accuracy stated in proportion of

correct verifications. Two dependent measures of span were also recorded for each task: (1) an absolute

memory span consisting of the total number of correctly recalled words, and (2) the memory span

consisting of the highest set size in which memory items were correctly recalled from two of the three
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memory trials given at each set size. As in Experiment 1, the analyses of total WM spans are reporteu.
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Verification statistics: The level of accuracy in the verification component of the
complex span tasks was generally high with not much difference across the difficulty conditions. The
sentence verification accuracy was 95%, 97% and 94% for simple, moderate and difficuit sentences
respectively. The operation verification accuracy was 98%, 97%, and 87% for simple, moderate and
difficult operations respectively. On the other hand, response time did vary considerably across difficuity
condition. The mean response time was 2.80, 4.28, and 5.28 seconds per sentence for simple, moderate
and difficuit sentences. For the operations, response time was 3.45, 6.01, and 11.14 seconds for simple,
moderate and difficult operations.

Reading Comprehension: This study was directed at the question of why reading
comprehension was predicted by the complex WM spans (consisting of simultaneous processing and span
tasks), but not by the simple word or digit spans (consisting of only the span task). The processing
component of the compiex WM span may simply prevent the use of memory strategies, and thereby
generate a "purer” measure of WM capacity which then better predicts comprehension than the simple
span. If the use of memory strategies are inhibited by using a verification task while measuring span, then
as the difficuity of the sentence (SW) and operation (OW) verification tasks is increased, the correfation
between WM span and comprehension ought to increase up to a point. Table 10 shows the Pearson

Product Moment
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Table 10

CORRELATIONS BETWEEN SPANS AND COMPREHENSION MEASURES

ComprehensionSentence Operation

Measures Simple Moderate Difficult Simple Moderate Difficult
ND 37 47** .26 .28* 32* .23
VSAT .25 .30* 27 .18 A1 .07
QSAT .04 .08 .08 10 .18 .10

-----
P R R

* r(49), p<.05 for span and ND correlations

** 1(47), p<.001 for span and VSAT correlations
correlations calculated between the simple, moderate and difficult complex span tasks and comprehension
measures that are central to this question.

The level of difficulty influenced the correlation between WM span and reading comprehension,
whether the span was measured with the SW or the OW complex span task. The moderate SW/ND
correlation, r(48) = .46, p < .001, was larger in magnitude than the simple SW/ND correlation, r(48) = .36,
p < .01. This difference between moderate and simple correlations (.46 and .36) was significant, t(48) =
1.99, p < .05. In addition, the moderate SW/ND correlation (.46) was larger than the difficult SW/ND
correlation, r(48) = .26, p > .07 (1(48) = 3.16, p < .01). Similarly, the moderate OW/ND correlation, r(48)
= .32, p < .05, tended to be larger in magnitude than the simple OW/ND correlation, r(48) = .28, p < .03,
(1(48) = .88, p > .10), and was larger than the difficuit OW/ND correlation, r(48) = .23, p > .11, (1(48) =
2.06, p < .025).

it is Important to note that the correlations between comprehension and SW span and those
between comprehension and OW span behaved similarly across levels of difficulty. One would not expect
these correlations to vary In the same systematic manner, if the compiex spans reflecting WM are
considered to depend on the use of reading skills in the processing component of the span task, as
Daneman & Carpenter argued. That is, if reading skills determine the SW span, then as the sentence
verification task using those skills is made more difficult, the resulting SW span/comprehension

correlations should increase in magnitude, as they did, up to that point where the difficulty level very
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demanding. However, the OW/ND correlations show a similar pattern across levels of verification task
difficulty. And, since the operation verification task (i.e., the processing portion of the OW span task)
clearly did not require reading skills, a reading skill or task-dependent explanation simply cannot not
account for the OW/ND correlations varying in the same manner as the SW/ND correlations.

The pattern of SW and VSAT correlations across different difficulty levels of span was
somewhat similar to the inverted U-shaped patterns for the SW/ND and OW/ND correlations. That is, the
moderate SW/VSAT correlation, r(48) = .33, p < .05, tended to be larger in magnitude than the simple
SW/VSAT correlation, r(48) = .29, p < .10, and also tended to be larger than the difficuit SW/VSAT
correlation, r(48) = .27, p < .10. However, the differences between moderate and simple SW/VSAT
correlations were not significant, t(48) = 0.69, p > .10, and differences between moderate and difficult
SW/VSAT correlations only approached significance, (1(48) = 1.34, p > .07. There were no other
significant correlations between SW and OW with VSAT and QSAT scores. This included the refationship
between Operation Word and VSAT which was signfficant in Experiment 1. We can only point out that all
the correlations were somewhat lower in this study and that all those correlations involving QSAT
disappeared In this study.

Analysis of data from the verification task: The top part of Table 11
shows the cofrelations between the accuracy of the verification task and Nelson-Denny, VSAT and
QSAT as a function of the difficulty of the verification task. The bottom part of Table 11 shows these
correlations for theverification response time. ingeneral, both sets of correlations
suggest a rather small relationship between verification accuracy and/or speed with the global ability

measures. There were only 4 significant correlations with accuracy and 7 with response time.
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' Table 11 :
; .ﬁ RRELATIONS BE ENA RACY OF VERIFICATION AND
' ABILITY MEASURES
‘ Sentence Operation
Test Simple Moderate Difficult Simple Moderate Difficult
ND 15 .28* .08 .05 .16 -.03
VSAT .10 .30* A2 -.01 .26 19 !
QSAT .08 .24 .10 .06 32* 3 '

CORRELATIONS BETWEEN VERIFICATION RESPONSE TIME
AND ABILITY MEASURES

Sentence Operation
Test Simple Moderate Difficult Simple Moderate Difficult
ND -.21 -.29* =21 -.22 -25 -17
VSAT -.30* -.33* -26 -34 -43** -.25
QSAT -27 -.18 =21 -21 -37* -.29

* r(49), p<.05

** r(49), p<.002

However, 7 of the 11 significant correlations were for the moderate level of difficulty (4 for sentence
vertification and 3 for operation verification).

it is notable that the same general inverted U-shaped pattern of verification/comprehension
correlations occurred across the three levels of difficulty that had occurred with the span/comprehension
correlations. This pattern was found for 11 of the 12 sets of correlations.

An analysis was also performed on the relationship between the verification performance and the

Chaa Ao ) b

number of words recalled in the complex span tasks as a function of difficuity. Only 7 of 72 possible

correlations were significant and these fit no noticeable pattern.
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K S8pan Inter-correlations: Ifthe SWand OW complex spans are reflecting the same
h,'} underlying WM capacity, then they ought to inter-correlate. Table 12 shows that the SW and OW spans,
Table 12
. CORRELATIONS AMONG COMPLEX MEMORY SPANS
~ Sentence Operation
s Simple Moderate Difficult Simple Moderate Difficult
Sentence Word
Simple
-._- Moderate 52*
- Difficult 37 .27 -
Operation Word
= Simple B1ae 4g++ 420
| Moderate 50*** 46** 15 68%** -
Difficult 55*n 45** 22 .65 Tt -
* p<.05
** n<.005
*** 5 0001

at least across the simple and moderate levels of difficulty, correlated significantly. Only 3 of the 15
possible correlations were not significant and all involved a difficult task as a member of the pair.
GENERAL DISCUSSION

The primary question motivating this study was whether the correlation observed between the
complex memory span and measures of reading comprehension is a result of a rather specific interaction
between the individual and the task being performed at the moment, or, the result of a relatively immutable
capacity transcending specific task. If the complex span predicts reading comprehension when measured
agalinst reading- or arithmetic-related background tasks, then the measure can be considered to be
independent of specific task skills. Experiments 1 and 2 clearly demonstrated that good readers

remembered more words and digits than poor readers regardless of whether the background task required

.................... T T T T T P S S e ™ e A
AR R R NN INT

s

.f .'f..‘ ._"." - -

.-
f
*y s

v

L5 )

[ g o g 4
rl

% %Y

..
SRR

PR



[ P

Working memory capacity
42-

reading or arithmetic skills. The SW, SD, OW and OD spans in Experiment 1, and the moderate SW and
OW spans in Experiment 2 correlated with reading comprehension whether the span measures were
embedded in the arithmetic verification task (OW, OD), or the sentence verification task (SW, SD). One
possible explanation of these findings is that good readers also have good quantitative skilis leading to a
spurious correlation between the operations tasks and reading comprehension. The OW measure was
central to this question, and Experiment 1 demonstrated that the OW complex spans for Individuals having
good reading and poor math skills (HL), and for those individuals having poor reading and good math skills
(LH) equally predicted reading comprehension. In addition, the relationship between Operation Word with
reading comprehension was still present when quantiative skills measured by the QSAT were factored out
of the assoclation. Thus, a complex span reflecting WM capacity does not need to be “reading" related to
generate a significant correlation with reading comprehension.

On the other hand, Experiment 1 demonstrated the lack of correlation between reading
comprehension and the simple digit and word spans. This led to the question of why the compiex spans,
but not the simple spans, predicted reading comprehension. Experiment 2 considered the possibility that
the complex span is a more accurate measure of WM capacity because it prevents the use of memory
strategies, such as grouping and rote rehearsal. If so, then varying the difficulty level of the background
task, against which the complex span Is measured, should affect the complex span/comprehension
correlations. That is exactly what was found in Experiment 2. The SW/comprehension and
OW/comprehension correlations were a function of the different levels of difficulty. Further, it Is important
to note that these two sets of correlations exhibited similar inverted U-shaped performance functions. That
is, when the difficuity level of the reading-related (SW) or arithmetic-related (OW) background tasks was
moderate, the span/comprehension correlations were higher in magnitude than when the background
tasks were very simple, or, were very difficult. The similarity of the OW and SW correlational patterns
further supports the argument that the compiex span is independent of ties between the background task
and reading comprehension.

Why then do complex spans, but not simple spans, predict reading comprehension? One

possibility Is that performing the background task against which the complex span is measured, limits the
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subjects abllity to use memory strategies such as rehearsal or grouping of the to-be-remembered
information. Baddeley & Hitch (1974) argue that terms like articulatory loop and visual-spatial scratch pad
refer to existing structures which are part of working memory. However, it may be more reasonable to
think of these maintenance components as temporarily activated strategies, as pointed out by Reisburg,
Rappaport & O'Shaughnessy (1984). Memory strategies, such as articulation, grouping and rehearsing,
are probably not existing structural components of a WM system walting to be invoked, but temporary
processes that are activated within WM when they are needed for the ongoing cognitive task. Therefore, it
may be that the background task in the complex span prevents the activation of helpful memory strategies,
rather than preventing the use of existing memory structures. Whether the strategies are conceptualized
as temporary activations, or existing structural components of WM, individuals use these strategies while .
performing the simple span task. There is no background task present in the simple span task, and
therefore, memory strategies are used to circumvent the capacity limhtations in WM, i.e., the number of
memory representations individuals keep active at any one time.

Cohen & Sandberg's (1977) findings support the notion that any measure reflecting the WM
limitation important in higher level cognition, must dissoclate the influence of memory strategies from the
span measure. They demonstrated a relationship between IQ and the recency portion of a digit-recall
function. In one experiment they gave their subjects a probed serial recall task in which subjects were
presented with auditory or visual lists of nine digits. They also varied whether the digits were presented at 1
digit/sec or 4 digits/sec. After presentation the subjects received a cue to serially recall the first, middle or
last three digits in the list. And, as expected, they found digits were recalled better at the beginning and the
end of the lists, regardless of the rate of presentation. They then tested the relationship between I1Q and
recall from each of the three portions of the list. The recency portion of the recall function was the only one
to show reliable correlations with IQ, with low 1Q subjects showing a greater deficlt than high IQ subjects
on items at the end of the lists of digits. Further, the most reliable correlations occurred between 1Q and
the recency portion of the recall function when the presentation rate was 4 digits/sec. However, when they

tested the correlation between IQ and the primacy recall, they found NO systematic relationship. They

suggested that tems at the beginning of the list are represented by an empty STM, and that capacity was
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then available for the use of rehearsal strategies. On the other hand, when the items at the end of the list
occur, the subject has already allocated existing resources and this prevents the use of grouping, rehearsal
and other memory strategies.

In a later paper, Cohen & Sandberg (1980) included the above data in a factor analysis, from which
they argued that the most critical factor determining a relationship between their subjects’ STM capacity
measures and 1Q Is whether STM is empty or partially filled at the time of encoding the to-be-remembered
ftems. The important point Is that the primacy portion of Cohen & Sandberg's probed serial recall tasks,
remembering items from the beginning of a list, can be compared to the simple digit and word span tasks
used in Experiment 1, wherein capacity was also available to rehearse the tems. And, the recency portion
of Cohen & Sandberg's tasks can be compared to the complex spans used in Experiments 1 and 2, in
which the background task prevents subjects from using memory strategles to increase the number of
ftems recalled. The implication is that the span measured while the subject is performing any rehearsal
preventative task would more accurately reflect the capacity of the buffer.

Why, then, does the size of the correlations between the complex spans and comprehension
appear to depend on whether the items to-be-remembered are digits or words? Experiment 1
demonstrated the magnitude of the correlations between comprehension and the complex word spans
(SW and OW) were nearly twice the magnitude of those between comprehension and the complex digft
spans (SD and OD). Since the same background tasks were used (i.e., verification of sentences in SW
and SD, and verification of operation strings in OW and OD), differences in the to-be-remembered items
appear to be crucial.

One possibility may be that memory strategies are more avallable or more automated for digits
than for words. Intultively, it would seem that opportunities to apply grouping strategies to a list of
unrelated digits, rather than a list of unrelated words, occur more often in the real world. And, to the extent
that strategies are repeatedly used for processing specific types of information, the strategies become
automatic processes. If so, strategles used for grouping digits may be simply more automatic than those

used for grouping words, and consequently, would be more difficult to inhibit by the background task.
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In conclusion, the major theoretical point suggested by the data In these experiments is that the
complex span may be a more adequate refiection of working memory capacity than the simple span. To
the extent that individuals vary in the limitation to processing imposed by WM, the magnitude of the WM
limitation (or capacity) Is reflected by a complex span, but not by a simple span. The higher correlations
found between complex WM spans and reading comprehension indicate that the complex and simple
spans are measuring a fundamental resource, but that the simple span is also reflecting additional
underlying resources. Since the capacity of WM can be reflected by the complex span that is independent
of skill levels used in the background task, further investigations using this task will help provide additional

constraints toward a model of working memory capacity.
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Experiment 3

In validating the concept of working memory for real world cognitive tasks, the studies
demonstrating a link between working memory and reading comprehension have seemingly prevented
what Crowder (1982) called “The demise of short term memory”. However, at least one important and
nagging question remains. Why do the complex spans correlate with reading comprehension and the
simple spans do not? All of the studies reported to date have used, for the simple span task, lists of words
presented at a moderate rate of one word per second. Further, the subjects are typically given some form
of free recall instructions. This, of course, Is quite different from the typical span type study conducted
since 1959. Most of those studies used letters or digits, frequently presented at rates faster than 1/sec and
almost requiring serial recall. Even when words have been used in span studies, the recall requirement has
typically been serial in nature.

The following experiments were conducted to try to better understand what variables might
differentially influence both the complex and simple word span.

Method

The subjects were 96 undergraduates who participated for pay or course credit for a single one-
hour session. The items for the span task were 2 sets of 100 high frequency one-syllable words from
Francis & Kucera (1982). The two sets were matched for frequency. Two hundred sentences, 13-16 words
long, were composed each ending in one of the 200 words. Word set was balanced across the two span
conditions. The stimuli were presented on a computer monitor. Order of presentation within a set of words
or sentences was random for each subject. The words for the simple span task were presented at a one
word per sencond rate. For the sentence span task, as soon as the subject had finished reading the
sentence, the experimenter progressed to the next one. The order of task was counterbalanced over
subjects with half the subjects getting the simple span first and half getting the sentence span first.
Regardiess of the order of span task, all subjects received the Nelson-Denny between the two span tasks.

As with the previous studies, and as with Daneman & Carpenter's studies, the subjects first
received several sets of size 2 (in this case 5 sets), followed by 5 sets of size 3, 5 of size 4, 5 of size 5 and 5

of slze 6. Subjects wrote their recail on answer sheets with the appropriate number of lines for each set
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size. Half of the subjects were given instructions to recall the words in any order but to not recail the last

- one first. These Instructions are the same ones in previous studies. The other half the subjects were given
serial recall instructions. They were to write the words in the space corresponding to the order in which the
word had appeared but the writing could be done in any order except writing the last word down first.
Subjects were monitored closely to make sure they followed directions.

: Results

i" The mean Nelson-Denny, Verbal SAT, simple span score and sentence span score for the free

~ recall group and serial recall group are shown in Table 13. Again, the span scores were analyzed in several
. ways with no discemible difference between them. The scores reported here are the total of all words

correct over all sets.
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E Table 13
| ﬁ DESCRIPTIVE STATISTICS FOR FREE AND SERIAL GROUPS
| . Free Serial
: Nelson-Denny 275 26.7
i‘ VSAT 463.0 455.2
Simple Span 86.5 81.1
- Sentence Span 68.3 63.9 ‘; \
e
. The Nelson-Denny and VSAT scores are typical for our subjects and while the scores for the free ;
b

L4

tended slightly higher than for the serial condition, they were not significantly higher. The span scores,

Cerar
‘3 %
PRI

understandably, were higher for the free condition also. The subjects performing free recall averaged
almost 5 words more for both the simple and complex word spans.
The critical analysis for this study was whether the manner of recalling the words in the two span

tasks affected the correlation with reading comprehension. This analysis is shown in Table 14.
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- Table 14
i } CORRELATIONS BETWEEN SPANS AND READING COMPREHENSION MEASURES
Free
Nelson-Denny VSAT
u Simple Span 16 17 3
Sentence Span 39** 45** h
it
. Serial g
- .
Nelson-Denny VSAT
Simple Span .29* 27
, Sentence Span 3 A A7
Serial
g (with free fecall scoring)
Nelson-Denny VSAT
- u
; Simple Span .29* .28* \
N Sentence Span 45** 57**
]
*p<.05
'— [ 1) p< .005 o
Y
‘ For those subjects performing the free recall In the span task the correlations with reading ,,
L
comprehension replicated previous studies. There were significant correlations with Nelson-Denny and
. VSAT for the complex sentence span but not for the simple word span scores. g
. For those subjects performing a serial recall in the span task, however, the resuits were quite
t.
-~ different. The correlations for the sentence span were slightly higher than for the free recall condition and,
N of course, significant. The big difference was for the simple span correlations. The simple span scores ;
significantly correlated with reading comprehension if recall was serial in nature. ’
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While this finding does not explain the difference between the correlations for simple and complex
o tasks, t does say that we have been underestimating the relationship between simple span and reading
comprehension by using the free recall procedure. We still dont know why the difference exists between
simple and complex spans or why the simple span measured with serial recall predicts reading

comprehension better than that measured with free recall.
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Experiment 4

The following study was performed to investigate the influence of order of set size on the
correlation between span and reading comprehension. All of the previous studles have started with set
size 2 or 3 and gradually increased the size of the set. This, of course, confounds set size with practice,
boredom and interference. It is possible that there would be an interaction between the ability of subject
| E and these effects.

- Method

- The subjects were 144 undergraduates (48 In each of 3 conditions) who were paid for their

. _ services. The stimull were the same words and sentences used in the previous experiment. Three tasks
were administered to the subjects, simple word span, sentence word span and Nelson-Denny. The order
of word set and task was counterbalanced as in the previous experiment. All stimuli were presented on a

- computer screen in the manner described previously and all words for the span tasks were written on

- answer sheets. Recall was to be serial with instructions the same as those given given to those in the serial

recall condition In the previous experiment.

The critical manipulation in this study was the manner in which the span items were presented to
the subjects. A third of the subjects received the span items in8equential fashion. This is the same
way span items have been presented in previous studies. The subjects first received 5 trials at set size 2,
) then 5 at set size 3 and so on through set size 6. These subjects wrote their recall on answer sheets with

the proper number of lines for each set size, e.g., 3 lines for set size 3, etc. A third of the subjects received
the span ltems in what we will call Random condition. These subjects received the stimuli blocked by
. word or sentence but the number of items to be recalled after a given trial (either words or words from
sentences) was random with no cue before the trial began. These subjects wrote their recall on answer
sheets with 6 lines for each set, regardless of the number actually presented. Another third of the subjects
P recelved the span items in what we call the Cued condition. This condition was identical to the Random
condition except that 750 ms before a given trial began, a digit appeared on the screen indicating the

',‘ number of tems in the set for that trial. This digit flashed for another 750 ms after the set had been N

R
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presented. Recall was again on an answer sheet with 6 lines regardiess of the number of items in the set
for that trial.

The descriptive statistics for the verious conditions are shown in Table 15.

Table 15

DESCRIPTIVE STATISTICS FOR SEQUENTIAL, RANDOM AND CUED CONDITION

(=)
i

Sequential Random Cued :
. Nelson-Denny 278 28.0 27.0
VSAT 467.7 468.9 4456
Simple Span 81.9 82.1 82.2
Sentence Span 59.1 63.7 61.9

The three presentation conditions scored about the same on the Nelson-Denny and 2 of the 3 were

about the same on VSAT. The Cued condlition was somewhat lower on the VSAT than the other 2

condition. But it is clear that presentation condition had little or no effect on either the total number of

words recalled in the simple span condition or in the sentence word span.
- The results of the correlational analysis are shown in Table 16.

Table 16 i

RRELATIONS FOR SEQUENTIAL, RANDOM AND D CONDITION o
Nelson-Denny - VSAT

Sequential :
Simple Span .39 42
Sentence Span .38 .38

Random

Simple Span .26 .38
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Sentence Span .34 .55
Cued

Simple Span .34 33

Sentence Span 32 .44

The first thing to be noticed is that there was littie difference between how the simple and sentence
span scores correlated with the Nelson-Denny. The correlations with VSAT, while somewhat variable,

were, at most, slightly higher for the complex span scores than for the simple span scores.
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Experiment 5
Some researchers (e.g., Klapp, et al. (1983} and Brainerd and Kingma (1984, 1385)) have
concluded that the resources supporting STM storage (reflected by the simple digit span) and the
resources supporting a processing WM (reflected by the complex memory span) are independent. It is
possible that the STM span and the complex span measures are reflecting two entirely different systems.
However, there Is also the possibility that they are simply measuring different components of the same
system. For example, they could be measuring the different functional components defined by Baddeley
and Hitch (1974). They made a distinction among the functions of 3 different components of WM (i.e., a
central executive, an articulatory loop and a visuo-spatial scratch pad). The central executive was
considered the attentional component which flexibly functioned in the processing of incoming information
and/or the storage of items to-be-remembered. Processing verbai information In a serial manner was
considered the major function of the articulatory loop (Baddeley, et al., 1975), and therefore Baddeley
(1979) argued that the loop may be the temporal WM component that Is specifically used for rote rehearsal.
Since serial recall is required for the simple digit- and word-span measure and subjects use a rote rehearsal
strategy in this task, It is possible that the to-be-remembered digits are in actuality represented in the
articulatory loop and not the central executive. Perhaps the simple digit span is reflecting only one
component of the WM system, i.e., the articulatory loop. If so, then, a different underlying resource
(mechanism) may be reflected by the simple span (i.e., the articulatory ioop), than the resource underlying
the compilex span measure {i.e., the central executive). it is possible that the WM span measures predict
reading comprehension so well simply because the concurrent task portion of the span measurement
prevents use of the articulatory loop or other rehearsal procedures.
Two variables have been found to affect simple span measures: phonemic similarity (Conrad,
1964) and word length (Baddeley, Thomson, & Buchanan, 1975). For example, Baddeley, Thomson &
Buchanan (1975) found that shorter words led to increased spans and longer ones to shorter spans.
Further, they found the spoken duration of the words to be the major predictor of individual spans, not the
number of syliables The number of words individuals could articulate in 1 1/2 seconds correlated with

their span measures. and from these fincings, Baddeley, et al, argued that the articulatory loop was time
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based. Therefore, it is possible that performance in the simple span task Is enhanced by the use of the
articulatory loop as a grouping strategy for the to-be-remembered span items. If so, then perhaps the
background task used in the complex span measure prevents the use of this strategy, and the resulting
compiex span more accurately reflects the capacity of the central executive. On the other hand, the
background task may prevent the central executive from selecting the more beneficlal grouping and
i rehearsal strategies, i.e., the articulatory ioop. In either case, whether the background task prevents the
central executive from selecting the best strategy, or, prevents the use of the articulatory strategy. the
complex span measure could reflect the number of memory representations that can be active at one time,
_. without the help of memory strategies such as the articulatory loop.
. The following experiment was designed to test this hypothesis. We simply wanted to determine
whether the complex spans described above are affected by the same variables that affect the simple

spans. If the complex spans are measuring the same psychological processes or store as Is measured by

R |

the simple spans then they should be influenced by the same variables and in the same manner. The

series consists of systematically varying the length of the words to be recalled (Experiment 5) and the

- "

acoustic similarity in simple word span and sentence word span tasks. Experiment 5 has been completed
and we are starting on Experiment 6.
Method
D) Sixty-four undergraduates were tested individually for slightly less than 2 hours and were paid for
their services. All were native speakers of English. Each subject was tested on five different tasks: two
simple word span and two sentence word span tasks and the Nelson Denny Reading Comprehension test.
P Stimull for the span tasks were chosen from the Francis and Kucera norms with the following
constraints: (1) 162 one syllable and 162 3 or 4 syllables words were chosen and (2) for each one syllable
word chosen from the norms, a closely ranked (within 5 ranks) 3 or 4 syllable word was chosen.
.. The word pool was used to generate the sentences for the sentence word task. Each sentence
was composed to end in one of the words from the pool and to be 13-16 words in length. The resulting 364

iy sentences were then divided Into two groups (henceforth called sets A and B) each composed of 81 -

sentences ending in short words and 81 sentences ending in long words. Half of the sentences were
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randomly chosen to have the preterminal 5 words scrambied. As in the previous experiments the subject
was to verity those sentences that made sense. Nonsense sentences were evenly distributed over each set (-
of sentences. -

The individual words for the simple word span and the sentences for the sentence span were
presented on a computer monitor and were to be read aloud. The word lists were presented at one word .r
per second and recall began when a question mark was presented. The sentences were paced by the #
experimenter who progressed to the next one immediately after the last word of the sentence was read -

-aloud. The subject verified whether the sentences made sense on an answer sheet placed on a table in

front of the monitor. As with the words, a question mark indicated the beginning of recall of the last words :
from all the sentences In the set. Subjects were instructed to recall the words from both the simple and E
complex span tasks in any order but to refrain from recalling the last word first. ;

The order in which subjects received (1) simple and complex spans, (2) short and long words and ‘
(2) set A and set B words was counterbalanced over subjects. The Nelson-Denny was administered as :
previously described. :

Results ‘

As with the previous studies, the results of the span task were analyzed in several different ways.
There were no differences in the conclusions from the different methods. Figure 1 shows the mean ]
average span length for simple and compiex tasks as a function of word length. ‘

0,
Insert Figure 1 here ;

Clearty, there were more words recalled in the simple task than in the complex task and more short words

were recalled than long words. There was a standard effect of word length with the simple span task. And,

.
»

-

-

’

N
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while the effect was smaller, there was also an effect of word length with the complex sentence span task.

This is was confirmed by significant main effects of task, F(1,56) =940.7, p<.0001, word length,

F(1,56) =95.3, p<.0001, and the task x word length interaction, F(1,56)=27.0, p<.0001. An analysis of just
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the complex sentence span results showed that even though the effect of word length was small it was
highly rellable, F(1,56) = 15.5, p<.0002.

We want to verify these results with another set of stimuli, with the Operation Word task, and with
word length as a between subjects variable, but the results suggest that subjects in both tasks may be
using articulatory coding as a means of retaining the words. This might mean that the simple and complex

tasks do involve at least some of the same processes.
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Publication information

The report of the first two experiments Is ready for submission and will be sentJournal) of

Memory and Language. The citation should be:
Turner, M.L. & Engle, R.W. Working memory capacity: An individual differences approach. Journal
of Memory and Lanquage.
'] The report of experiments 3 & 4 will hopefully be ready to be submitted by late spring and will probably be
X submitted toMemory and Cognition.
) - : The data from experiments 1 & 2 were reported at the meeting of Psychonomics Soclety this past
._ ‘ November.
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- Goals for next year
Z:: The goals for next year are: (1) To publish the results of experiments 1 & 2 in one manuscript and, )
v later, to publish the results of experiments 3 & 4 in a second manuscript. (2) To complete the series of
studies on whether the complex task is affected by word lenght and acoustic similarity. This will probably
involve 2-3 additional experiments. (3) To further attack the question of why the complex span better
ﬂ predicts reading comprehension than the simple word span task. This will involve several experiments ‘
varying the nature of the background component in the complex task and several experiments varying the
nature of the simple task to determine if changes in the task can make it as predictive as the complex task.
. . (4) To explore to what extent the background task must be like the reading comprehension task. It clearly
does not nave to be reading related since the Operation Word task involved arithmetic. But the operation :
component is still probably verbal in nature. Maybe the background component of the compiex span task .
. must be verbal in nature. This would speak to the possiblity that we may need to think about separate 3
. “capacities” for verbal and spatlal tasks. (5) To attack this same question from the spatial side. We will 1
soon begin an experiment in which the complex word span task will have a background task requiring the
- classification of symbols of a non-verbal nature. This task can be varied in difficulty so that we can 5
determine whether the same relationship holds between the difficulty dimension and the correlation with
reading comprehension as was observed in Experiment 2. :
L :
L ;
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